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Abstract
A model for the universe on the basis of a self-interacting fermionic
tachyon field is investigated here. It is shown that, devising a self-
interaction potential of a proper form, the fermionic tachyon field is
capable of producing an accelerating expansion that at late time tends
to a constant value which is in consistence with the cosmological con-
stant. This way the introduced fermionic tachyon field can be inter-
preted as the source of dark energy.
1 Introduction
Modern cosmology deals with two periods of accelerating expansion. The
first is an assumed inflationary era elaborated to explains some of the most
important problems of standard cosmology; most importantly as a means to
account for perturbation seeds and of course to resolve flatness and horizon
problems. The second period is the present era: our universe is observed
to expand again with a positive acceleration rate [1, 2]. In this work our
concern will be with the latter period. Several models have been devised to
explain the accelerating universe we observe. Perhaps, the simplest model is
the ΛCDM model in which a constant, well-known as the cosmological con-
stant, is added to the Einstein field to deputize the accelerating expansion
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of the universe. That constant at the same time deputize also our ignorance
about the physics of dark energy. The ΛCDM model, while being in a good
agreement with observational data [3, 4], however, lacks the phenomenology.
By far the physical agent, namely the dark energy, that accelerates the ex-
pansion of our universe is remained unknown. According to huge amount of
observational data [5, 6], the dark energy contributes about 68 percent of the
total energy in our present universe. There are many different approaches to-
wards the explanation of dark energy [7, 8, 9, 10, 11, 12, 13, 14, 15, 16]. One
of these approaches is to investigate some sort of (unusual) matter which,
whatsoever, could be responsible for the accelerating expansion of the uni-
verse. It is also shown that a fermionic source can lead to an accelerating
expansion [17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34].
Several models for fermionic fields are investigated so far. As shown in these
models, a fermionic field can take a major role in the early universe inflation,
or in the late-time universe dark energy. Additionally, as inspired first by
the string theory, a tachyon field as well can produce the inflation in the very
early universe [35, 36, 37, 38, 39]. Also, it is shown that a scalar tachyon
field can be interpreted as dark energy [40, 41]. In this work we investigate
whether a fermionic tachyon can also take the role of dark energy. The
idea of existence of fermionic tachyon field is inspired by some evidence that
neutrinos, as we expect from fermionic tachyons [42], may assume negative
effective mass [43] and references therein. Of course, the fermionic tachyon
field which takes the role of dark energy in our model is not necessarily a
neutrino field. We consider the universe to include two fields; a matter field
which naturally tends to decelerate the universe expansion, and a fermionic
tachyon field which overwhelmingly accelerates its expansion. We assume
that there is no local interaction between these two components; however,
they feel each other only vie their overall gravity. We also take account of
the irreversible processes between the matter and gravity to thermalize the
expanding universe. A quantum relativistic fermion is describable by the
Dirac equation. So, first of all, we should think of devising a modified form
of this equation to describe fermionic tachyons as well. In sequent, we use
tetrad formalism to establish a link between the modified Dirac equation
and general relativity. Then, we solve the resultant Einstein’s equations
of motion with a self-interaction potential in a flat FRW background. We
choose a specific form for the potential and solve these equations numeri-
cally. The signature (+,-,-,-) and natural units, i.e. 8piG = c = ~ = k = 1
are used.
In Sec.2 the tetrad and Dirac formalism for tachyons in curved space-
time is reviewed. In Sec.3 the field equations for a spatially flat isotropic and
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homogeneous universe in presence of a fermionic tachyon field are derived.
At the end, in Sec.4, we conclude and discuss our results.
2 Review of Tetrad Formalism
In this section we review the techniques used to include fermions in general
relativity [44, 45, 46, 47] and, then generalize the result into tachyons. Of
course, the spinor representation does not appear first hand in the gauge
group of general relativity. However, the tetrad formalism is capable of pro-
viding a means to generalize the Dirac equation, which is originally written
for a Minkowski space-time, to a curved space-time. In this approach, the
normal coordinate at each space-time point, in which the metric is simply
ηab, is built up; the curved space-time metric, gµν is obtained via the re-
lation, gµν = e
a
µe
b
νηab. Here e
µ
a is tetrad or vierbein which, as imposed by
general covariance principle, relates quantities in local inertial frame to their
counterparts in curved space-time frame. The Latin and Greek indices refer
to Minkowski and curved space-time, respectively. The Dirac Lagrangian in
Minkowski space-time is
LD =
i
2
[ψ¯γa∂aψ −
(
∂aψ¯
)
γaψ]−mψ¯ψ − V, (1)
where ψ¯ = ψ†γ0 is the Dirac adjoint spinor field, m denotes the fermionic
mass, and V represents the potential density of self interaction between
fermions which is a function of ψ and ψ¯.
As imposed by this formalism, we should replace the Dirac-Pauli matrices
γa with their counterparts in curved space time [46], as Γµ = eµaγa. These
generalized Dirac-Pauli matrices satisfy {Γµ,Γν} = 2gµν . We also need to
substitute the generalized covariant derivatives for their ordinary derivatives,
i.e.
∂µψ −→ Dµψ = ∂µψ − Ωµψ, ∂µψ¯ −→ Dµψ¯ = ∂µψ¯ + ψ¯Ωµ (2)
where Ωµ,s are spin connections defined as Ωµ = −1
4
gρσ
[
Γρµδ − eρb
(
∂µe
b
δ
)]
ΓσΓδ,
with Γρµδ denoting the Christoffel symbols. By replacing the covariant quan-
tities in Dirac Lagrangian, we arrive at the ”generally covariant Dirac La-
grangian”:
LD = i
2
[ψ¯ΓµDµψ −
(
Dµψ¯
)
Γµψ]−mψ¯ψ − V. (3)
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Now we require to write a Lagrangian for a fermionic (pseudo) tachyon in
locally inertial frame and then transform the results into the general frame.
According to Weyl constraint for massless spinors, we have
γ5ψ = −ψ. (4)
The above equation admits to write the kinetic part as two form which are
indistinguishable when the mass and potential terms are absent,
LK =
i
2
[ψ¯γa∂aψ −
(
∂aψ¯
)
γaψ] (5)
L˜K =
i
2
[ψ¯γ5γa∂aψ −
(
∂aψ¯
)
γ5γaψ]. (6)
In the presence of mass and potential term ( due to some short distance
interaction), The first equation belongs to the normal Dirac fermion and the
latter one describes the kinetic part the fermionic tachyon. In the context
of field theory the tachyon is a field with negative square mass. Addition
of the mass and potential terms can form a Lagrangian for tachyon[42]. In
summary the Dirac Lagrangian density for a (pseudo) fermionic tachyon in
Minkowski space-time can be written as [42, 36, 38, 48]
L˜D =
i
2
[ψ¯γ5γa∂aψ −
(
∂aψ¯
)
γ5γaψ]−mψ¯ψ − V. (7)
To generalize this equation to curved space-time we follow the tetrad
formalism and replace the covariant quantities in tachyon Lagrangian to
arrive at the ”covariant tachyon Dirac Lagrangian” as below
L˜D = i
2
[ψ¯Γ5ΓµDµψ −
(
Dµψ¯
)
Γ5Γµψ]−mψ¯ψ − V, (8)
with Γ5 = −i√−gΓ0Γ1Γ2Γ3. the Euler-Lagrange equations give the ”covari-
ant Dirac equations” for the tachyonic spinor field and its adjoint coupled
to gravity as
iΓ5ΓµDµψ −mψ − dV
dψ¯
= 0
iDµψ¯Γ
5Γµ +mψ¯ +
dV
dψ
= 0.
(9)
Compared to corresponding equations for ordinary fermions we have an
extra Γ5 besides Γµ.
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Meanwhile, the total action is
S(g, ψ, ψ¯) =
∫
d4x
√−g(L˜D + L˜m + L˜g), (10)
where L˜m is the matter Lagrangian density, and L˜g = R2 is the gravity part
(R is the Ricci scalar). Variation of the total action with respect to metric
gµν gives the Einstein’s equations
Rµν − 1
2
gµνR = −Tµν , (11)
in which Tµν is the total energy-momentum Tµν = (T˜D)µν + (Tm)µν . The
first term is due to fermionic tachyon field
(T˜f )µν =
i
4
[ψ¯Γ5ΓµDνψ + ψ¯Γ
5ΓνDµψ −Dµψ¯Γ5Γνψ −Dνψ¯Γ5Γµψ]− gµνL˜D,
(12)
and the second term is related to matter field.
3 Dirac and Einstein Equations in FRW Back-
ground
To be more explicit, we consider a spatially flat FRW metric in consistency
with observational data. The metric is as ds2 = dt2 − a(t)2(dx2 + dy2 +
dz2) where a(t) is the scale factor. Besides fermionic tachyon and ordinary
matter, we also take into account the irreversible process of energy transfer
between the matter, the gravitational field, and the particle production [49,
50, 51, 52, 53]. This process causes a non-equilibrium pressure denoting by
$. Hence the energy-momentum tensor takes the form
(Tµν ) = diag(ρ,−p−$,−p−$,−p−$), (13)
where ρ and p denote the sum of energy density and the pressure of fermionic
tachyon and ordinary matter field, respectively. As usual, the Friedman
equations in flat FRW metric are
H2 =
1
3
ρ (14)
a¨
a
= −1
2
a˙2
a2
− 1
2
(p+$). (15)
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with H = a˙(t)/a(t) being the Hubble parameter. For later convenience,
we decompose the tachyon and the matter contributions, i.e. ρ = ρf + ρm
and p = pf + pm. The non-vanishing components of the energy-momentum
tensor of the fermionic tachyon field (12) are as follows,
ρf = mψ¯ψ + V
pf =
1
2
dV
dψ
ψ +
1
2
ψ¯
dV
dψ¯
− V. (16)
We use the tetrad formalism with this metric , the tetrad components
are as follows
eµ0 = δ
µ
0 , e
µ
i =
1
a(t)
δµi . (17)
Hence the Dirac matrices and the spin connection components, respectively,
become
Γ0 = γ0, Γi =
1
a(t)
γi, Γ5 = −i√−gΓ0Γ1Γ2Γ3 = γ5 (18)
and
Ω0 = 0, Ωi =
1
2
a˙(t)γiγ0. (19)
With above relations, the Euler-Lagrange equations for fermionic tachyon
(9) are simplified as
γ5ψ˙ +
3
2
Hγ5ψ − imγ0ψ − iγ0dV
dψ¯
= 0
˙¯ψγ5 +
3
2
Hψ¯γ5 − imψ¯γ0 − idV
dψ
γ0 = 0.
(20)
The continuity equation is given by the conservation law of total energy-
momentum tensor Tµν;ν = 0 as
ρ˙+ 3H(ρ+ p+$) = 0, (21)
but the conservation law for the energy density of the tachyon field can be
obtained from (20) and (16) as
ρ˙f + 3H(ρf + pf ) = 0. (22)
That means the conservation equation of tachyon field is decoupled from
matter field; i.e. the density evolution of the fermionic tachyon field is
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decoupled from matter density. From (21) and (22) for matter field density
we have
ρ˙m + 3H(ρm + pm) = −3H$. (23)
The right hand side is the rate of matter energy production. The ex-
tended (causal or second-order) thermodynamic theory implies that the
non-equilibrium pressure, $, in a linearized theory satisfies the evolution
equation
τ$˙ +$ = −3ηH, (24)
where τ denotes a characteristic time and η is the bulk viscosity coefficient.
We consider a barotropic equation of state for the matter field, i.e. pm =
wmρm with 0 ≤ wm ≤ 1. We also assume that the coefficient of bulk
viscosity η and the characteristic time τ are related to the energy density ρ
through η = αρ and τ = η/ρ, where α is a constant [54, 55, 50, 51, 49].
In order to get cosmological solution we must specify the exact form
of the self-interaction potential ”V ” which is a function of scalar invariant
(ψ¯ψ)2 and pseudo-scalar invariant (ψ¯γ5ψ)2. We consider a self-interaction
potential of the below form [26, 37, 25, 56, 57, 58, 59],
V = λ[β1(ψ¯ψ)
2 + β2(iψ¯γ
5ψ)2]n, (25)
where λ is a non-negative coupling constant and the exponent n is a constant.
Moreover β1 and β2 are constants specifying the role of scalar and pseudo-
scalar. We choose β1 = β2 = 1 all over this work
By substituting (25) in (16), we have
ρf = m(ψ¯ψ) + λ[β1(ψ¯ψ)
2 + β2(iψ¯γ
5ψ)2]n, (26)
pf = (2n− 1)λ[β1(ψ¯ψ)2 + β2(iψ¯γ5ψ)2]n. (27)
Since we are interested in the case of fermionic-tachyon taking the role of
dark energy, pf must be negative. Hence we would have n <
1
2 . This way,
the equation of motion of fermionic tachyon (20), the Friedman equations
(14 and 15), the matter conservation equation (23), and the evolution equa-
tion of non-equilibrium pressure (24), form a system of coupled ordinary
differential equations. We shall find solutions to this system of equations for
given initial conditions. We adjust the clocks in a way that a(0) = 1, and
choose the initial conditions as below[26]
ψ1(0) = 0.1i, ψ2(0) = 1, ψ3(0) = 0.3
ψ4(0) = i, ρm(0) = 2ρf (0), $(0) = 0,
(28)
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where ψ1(t), ψ2(t), ψ3(t) and ψ4(t) are components of ψ. Since we are
investigating the old universe which is dominated by non-relativistic matter
or dust, we have wm = 0, so that pm = 0. From Friedman equation (14) we
have
a˙(0) = a(0)
√
ρf (0) + ρm(0)
3
. (29)
We choose the other parameters as below
λ = 0.1, β1 = 1, β2 = 1, (30)
Figure 1: The energy densities ρf (fermionic tachyon field) and ρm (matter
field) are depicted versus time for different values of the exponent n. The
initial conditions are indicated in (28,29 and 30), the other parameters are
chosen as m=0.01 and α = 0.1. At first, for both values of n, the matter
field is dominated and as time passes the tachyonic field dominates. The
figure also showes that for smaller n the matter field decays faster.
Figure 1 displays the energy densities of fields. Both densities decline
with time; but, due to decaying of matter, after a while the fermionic tachyon
field dominates and the universe goes into an accelerated regime. That
remains valid even if the initial density of matter has been much more than
the initial density of the fermionic tachyon. The mentioned accelerating
8
Figure 2: The acceleration field a¨ versus time t is demonstrated. The
initial conditions and free parameters are the same as previous figure. As n
becomes smaller, the universe goes into the acceleration era faster and the
value of acceleration becomes bigger as well.
expansion period can be interpreted as the ”dark energy” dominated era.
In figure 2 the acceleration of universe (a¨) is depicted. At first, since the
matter is dominated, there is a deceleration era. After a while the density
of dark energy, i.e. fermionic tachyon field, overwhelms the matter density
and the universe goes into an acceleration period. For large values of time,
however, the acceleration declines towards a constant in response to the
behaviour of the self-interaction potential. It seems that this potential takes
the role of cosmological constant. The exponent n affects the form of the
potential and, hence, the acceleration. The smaller the value of exponent
is chosen, the larger the overall acceleration is resulted. The reduction of n
also makes the dark-energy era begin sooner. However, though the model
strongly depends on the self-interaction potential, the mass parameter of
tachyonic field has no significant effect on our final results. The equation of
state for massless tachyons is barotropic; i.e. pf = (2n − 1)ρf which gives
ωf = 2n − 1. So, from (22) in such a situation ρf ∝ 1/a6n. If we ignore α
or equivalently set ω¯ = 0, we arrive at ρm ∝ 1/a3; in comparison to ρf , it
decreases faster with time.
The irreversible processes, deputized by the parameter α, slow down the
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Figure 3: The energy densities ρf (fermionic tachyon field) and ρm (matter
field) are depicted versus time for two different values of α. We set n=0.3,
m=0.01 and λ = 0.1. The energy density of tachyonic field changes pretty
the same whether we consider α or not. However, the matter field decays
faster when α has a value. Thus considering non-equilibium pressure only
causes a delay in the start of acceleration era.
decay of matter. Changes in parameter α has a tiny effect on the tachyon
density; however, it makes the tachyon dominated era to begin later; see
Figs. 3 and 4. The presence of viscosity is necessary, as it accounts for the
thermodynamic dissipative effects in the expanding universe. However, it
seems that even if we ignore the irreversible processes the main feature of
this model would remains almost intact.
4 Summary and Conclusion
With this work, we propose a model in which fermionic tachyon field can
account for the universe accelerated expansion. It is reasonable to assume
that there is a self-interaction potential produced by four-fermion interac-
tions as suggested by effective theories in particle physics. When the mass
of fermionic tachyon is not too large (we choose m=0.01 in natural units),
this potential has a crucial role in producing accelerated expansion. When
the potential term is dominated as we expect the mass dosen’t play an im-
portant roll in our analysis, even if we set m = 0, there is no significant
effect in our main results. We investigate the effect of varying the free pa-
rameters of this potential on the behavior of the energy density and the
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Figure 4: The acceleration field a¨ is demonstrated vresus time t for different
values of α. We set n=0.3, m=0.01 and λ = 0.1. For smaller values of α,
the acceleration era begins faster.
expansion parameter. Our numerical analysis indicates that by reducing
the power of the potential ”n” and increasing the free parameter ”λ” we get
more acceleration, appropriate choosing of these parameters can give enough
acceleration in agreement with observation as depicted in Fig(5), at large
time its behavior is similar to cosmological constant means the acceleration
approaches a constant value. To be more precise we define dimensionless
acceleration parameter q as q = a¨a/a˙2 (it differs from the usual deceleration
parameter in a minus sign ).
Although these results depend on the particular form of our potential i.e.
choosing another form for the potential might change the results, the crucial
point of this work is we have shown that it is possible to get accelerated
expansion from a fermionic tachyon field.
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